Histone acetyltransferase (HAT) complexes are coactivators that are important for transcriptional activation by modifying chromatin. Metazoan SAGA and ATAC are distinct multisubunits complexes that share the same catalytic HAT subunit (GCN5 or PCAF). Here, we show that these human HAT complexes are targeted to different genomic loci representing functionally distinct regulatory elements both at broadly expressed and tissue-specific genes. While SAGA can principally be found at promoters, ATAC is recruited to promoters and enhancers, yet only its enhancer binding is cell-type specific. Furthermore, we show that ATAC functions at a set of enhancers that are not bound by p300, revealing a class of enhancers not yet identified. These findings demonstrate important functional differences between SAGA and ATAC coactivator complexes at the level of the genome and define a role for the ATAC complex in the regulation of a set of enhancers.
INTRODUCTION
Initiation of transcription by RNA Polymerase II (Pol II) is a tightly controlled process (for review, see Venters and Pugh, 2009b) . One way of viewing transcription activation is to model this process as a sequential series of events that leads to recruitment of Pol II onto the DNA and allow the production of a RNA molecule. In recent textbook models, the binding of transcription factors specifically recognizing DNA is followed by the recruitment of coactivators that regulate transcription though a variety of enzymatic and nonenzymatic activities. Coactivators act on one side by modulating the chromatin states to modify the accessibility of the DNA and on the other side by favoring the binding of general transcription factors (GTFs) that permit recruitment and loading of Pol II on the DNA to allow proper transcription initiation and elongation.
The metazoan ATAC (Ada-Two-A-Containing) and SAGA (SptAda-Gcn5-Acetyl-transferase) complexes are distinct multisubunit coactivators that share several subunits including the histone acetyltransferase (HAT) enzyme GCN5 (also named KAT2A) or its closely related paralog PCAF (KAT2B). The subunit composition of SAGA and ATAC types of complexes, containing either GCN5 or PCAF, has been described in detail (Gamper et al., 2009; Guelman et al., 2009; Nagy et al., 2010; Suganuma et al., 2008; Wang et al., 2008; Zhao et al., 2008) . These complexes are organized in functionally specialized modules. Both the SAGA and ATAC complexes contain a HAT module composed of the HAT enzyme GCN5/PCAF as well as distinct ADA family proteins that have been suggested to modulate the catalytic activity of the HAT enzyme (Gamper et al., 2009) . Moreover, in the ATAC complex an additional subunit, ATAC2, has been shown to contain a HAT domain (Guelman et al., 2009; Suganuma et al., 2008) . In addition, SAGA was shown to contain a module able to deubiquitinate monoubiqutinated histone H2A and H2B (Zhang et al., 2008a; Zhao et al., 2008) . Thus, while these complexes share similarities in protein composition and functional organization, they are functionally distinct due to several specific subunits and functional modules (Nagy et al., 2009; Wang et al., 2008) .
Studies analyzing the genome-wide recruitment of yeast GCN5 reported its general binding at promoters and open reading frames of active genes suggesting that its binding correlates with gene activity in yeast (Johnsson et al., 2009; Robert et al., 2004) and that it regulates both initiation and elongation (Govind et al., 2007) . Similarly, in human cells, the recruitment of different families of HATs including GCN5 was suggested to be highly redundant at active promoters (Anamika et al., 2010; Zhao et al., 2008) . Taken together, these results would suggest that HATs are generally recruited to active genes. In contrast, several studies in yeast and mammalian systems described gene specific HAT requirement (Anamika et al., 2010; Jin et al., 2011; Nagy et al., 2009 Nagy et al., , 2010 Zanton and Pugh, 2004) . At the same time, the general transcriptional coactivator HAT, p300, was not only shown to be associated with promoters, but also with a wide spectrum of active tissue specific enhancers (Heintzman et al., 2007) . Thus, at present it is not yet well understood whether genome-wide HATs carry out specific or very broad functions.
In this study, we have determined the genome-wide binding map of the two GCN5/PCAF-containing HAT complexes, SAGA and ATAC, in two human cell lines. We show that the recruitment of the complexes is highly specific as their binding sites show little overlap and they bind to distinct functional elements. ATAC is recruited to enhancers and promoters, while SAGA is mainly recruited to promoters. SAGA and ATAC bound genes are mostly active yet they represent only a subset of active genes suggesting that they function as coactivators for specific expression programs. Finally, we identify a set of functional enhancers, which are ATAC dependent, but p300 independent.
RESULTS
ATAC and SAGA Are Recruited to Distinct Sets of Loci Genome-wide While SAGA and ATAC subunit composition is well established in several systems, very little is known about where these complexes act in the genome. To gain further insight on the transcription regulation mechanisms by ATAC and SAGA complexes, we performed chromatin immunoprecipitation (ChIP)-coupled highthroughput sequencing (ChIP-seq) against two subunits that based on our work and that of others are complex specific Nagy et al., 2009 Nagy et al., , 2010 Suganuma et al., 2008 Suganuma et al., , 2010 Wang et al., 2008) . We used antibodies against ZZZ3 and SPT20, ATAC-and SAGA-specific subunits, respectively (Figure S1 available online). ChIP-seq was performed in two human cell lines (GM12878 B lymphoblasts [GM] and HeLa cells). Peaks of local enrichment were determined after sequence alignment and normalization to input DNA. In total we identified 480 ATAC and 533 SAGA binding sites in GM cells. The established lists were validated by ChIP-qPCR on randomly selected loci ( Figure S2 ) and a set of high-confidence sites was isolated (372 ATAC and 380 SAGA binding sites) ( Figure S2 ). These high-confidence sites were further confirmed by correlating ChIP-seq enrichments in a second independent biological replicate ( Figure S2 ). Moreover, selected high-confidence ZZZ3-and SPT20-binding sites were further tested by ChIP-qPCR with additional antibodies against ATAC (ATAC2), SAGA (TRRAP), and shared (GCN5) subunits of the complexes. These ChIP experiments further confirmed the specific binding of ATAC and SAGA complexes to the identified sites ( Figure S2 ). Thus, these sets of binding sites were used in all analyses hereafter.
We first asked whether the two complexes bind to common or different loci. A pairwise comparison of the enrichment of ATAC or SAGA of all high confidence binding loci ( Figure 1A ) reveals that the bindings of both complexes show anticorrelation (Pearson correlation coefficient = À0.46). Thus, we created three groups of loci: bound by ATAC, SAGA, or both. A subset form each group was chosen randomly and successfully validated by ChIP-qPCR ( Figure 1B) . We conclude that the complexes are in most cases recruited to independent loci with anticorrelated intensities, suggesting that their recruitment occurs through functionally distinct mechanisms.
Since GCN5 has already been reported to have a role at promoters and within coding regions, we analyzed the general binding profile of SAGA and ATAC over the identified bound genes. We created an average profile of ATAC and SAGA binding density along an averaged gene structure ( Figure 1C ) and also located them around the TSS of bound promoters (Figure 1D) . In order to better contrast promoter and coding regions, we compared the obtained profiles with those of RNA Pol II and H3K36me3, a modification present in the body of active genes. We found for both SAGA and ATAC a peak of enrichment $200 bp upstream of TSSs, with no significant enrichment over the coding region ( Figure 1C ). While SAGA binding appears to be more sharply positioned, ATAC binding around TSSs is less precisely defined ( Figure 1D ). Human SAGA binding at TSSs is in good accordance with previous reports of SAGA positioning in yeast (Venters and Pugh, 2009a ). We do not observe ATAC or SAGA binding in coding regions, however we cannot exclude a role of these complexes in elongation as their binding in these regions could be very dynamic and thus, difficult to capture by ChIP.
ATAC and SAGA Are Binding Distinct Types of Genomic Elements
In order to ask whether the distinct binding sites reflect different modes of recruitment and or function, we contrasted the identified ATAC or SAGA binding sites with existing maps of chromatin modifications generated by the ENCODE project (Birney et al., 2007) . First, we collected signal densities from raw ChIP-seq data sets for different chromatin marks known to be markers of promoters (H3K4me3) or enhancers (H3K4me1) (Heintzman et al., 2009 ). Additionally, we interrogated the transcription state using Pol II data as well as the compaction state of the chromatin using DNAase I hypersensitivity sites (DHS) data. These densities were subjected to k means clustering in order to group similar loci in distinct categories (as described in Ye et al., 2011) . The resulting heat maps of all the analyzed features for the 372 high-confidence ATAC binding sites are shown in Figure 2A . This analysis identifies three major groups of ATAC targets loci: (1) loci enriched in H3K4me1, with low but detectable H3K4me3 and significant DHSs (red squared and labeled 1), (2) loci enriched in H3K4me3 with high Pol II binding and strong DHSs (black squared and labeled 2), and (3) a group of loci that did not display enrichment for any of the tested features (blue squared and labeled 3). The features of group 2 loci correspond to promoters, while group 1 loci have features of putative enhancers following previous descriptions (Heintzman et al., 2009; Kim et al., 2010; Rada-Iglesias et al., 2011) . Note that, similar results were obtained by using the list containing the mediumconfidence sites ( Figure S3C ).
An additional distinctive feature between promoters and enhancers is their genomic location. We calculated the distances of ATAC-bound sites to transcriptional start sites for all three categories. The resulting frequency plots show that most of the binding sites of group 2 are located close to transcription start sites (TSSs), while categories 1 and 3 show no preference for TSS ( Figure 2B ), further suggesting that these are not promoter elements and that category 1-bound ATAC loci may correspond to enhancers based on H3K4me1/3 ratios. Taken together, these results demonstrate that ATAC binds both promoter elements and distal enhancer-type elements. In addition, a third set of ATAC targets (category 3) was identified of yet unknown function. Representative examples of genome browser tracks centered on an ATAC binding site for each category is shown in Figure 2C .
A similar analysis was applied to 380 high-confidence SAGAbound loci (Figure 3) . Based on the different genomic features used, a large majority of SAGA binding sites were located at promoter-type loci (black squared, labeled 2 in Figures 3A-3C) . A smaller fraction of SAGA-bound loci appears to be located at putative enhancers (or colocalizing with H3K4me1). Moreover, the intensity of SAGA binding at these H3K4me1 bound loci is significantly lower, when compared to the intensities observed See also Figure S1 , Table S2, and Table S3 .
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Figure 2. ATAC Associates with Both Promoter-and Enhancer-Type Elements (A) Heat map of the signal densities observed on regions surrounding the 372 high-confidence ZZZ3 (ATAC) binding sites (±5 kb) for different genomic features (as indicated). The density map was subjected to clustering in order to create groups of loci sharing the same genomic profile. Loci were classified as putative enhancers (red box and labeled 1) when enriched for H3K4me1 and harboring reduced H3K4me3 signal; promoters (black box and labeled 2) when enriched for H3K4me3 and Pol II, and unassigned (blue box and labeled 3) when none of the tested features were enriched significantly (see also Figure S3 ). (B) Frequency plot representing the distance of the ATAC binding sites to the transcription start site (TSS) of the closest gene in the genome in each category previously isolated. Binding sites in both the enhancer (1, red) and unassigned (3, blue) categories do not show any preferential location close to TSSs, while ATAC-binding sites are preferentially found next to TSSs in the promoter category (2, black). (C) UCSC genome browser tracks of representative examples of loci from each category previously isolated (1, enhancer; 2, promoter; 3, unassigned) . Colors of the filled boxes highlight the features used to define the category of the loci (red, enhancer; black, promoter; blue, unassigned Table S2 .
Molecular Cell
ATAC/SAGA Function at Distinct Regulatory Elements at promoters ( Figure 3A ) or ATAC binding intensities at the defined enhancers (Figure 2A ). This pattern is very similar to those already observed for general transcription factors (TFIID-TAF1) (Heintzman et al., 2007) . The number of weakly bound putative enhancers is increased when similar analysis is performed on the list including medium-confidence sites, reinforcing the idea that SAGA is binding with low intensity or more dynamically to these elements ( Figures S3D and S3E) .
Interestingly, recent studies have further classified enhancers into active or poised categories based on the modification of H3K27 by acetylation or methylation, respectively (Creyghton et al., 2010; Rada-Iglesias et al., 2011) . When analyzed over the ATAC and SAGA-bound loci, we observe acetylation, but not methylation of H3K27 ( Figures S3A and S3B ), suggesting that ATAC-and SAGA-bound putative enhancers would be in an active state.
These analyses show that SAGA is predominantly recruited to promoters, while ATAC is equally recruited to putative active enhancers, promoters and a set of functionally unassigned loci. These in turn suggest that ATAC and SAGA bind and probably regulate functionally distinct genomic elements.
ATAC or SAGA Regulate a Limited Subset of Active Pol II Genes Next, we asked how ATAC or SAGA binding relates to gene activity. We systematically calculated the enrichment level of ATAC, SAGA, and Pol II at promoters of all genes and compared it to the relative expression level of genes as defined by RNA-seq (Birney et al., 2007) . As expected, we observed a good correlation between Pol II occupancy and the expression status of the downstream gene ( Figure 4A ). On the contrary, we did not observe correlation between ATAC or SAGA occupancy and the level of expression of the nearby genes ( Figures 4B and 4C ). However, for both ATAC and SAGA, a number of high binding intensity values were observed at genes with relative high expression levels [outlier points for log2 (Reads/Kilobase/Million reads-RPKM) > À1], suggesting that the complexes bind in the vicinity of active genes. In order to confirm that these relatively highly expressed genes, bound either by ATAC or SAGA, correspond to the previously detected high confidence binding loci (Figure 1) , we identified the gene promoters in the vicinity of these loci. We then analyzed the expression of the identified genes ( Figures 4D and 4E) . The expression values of these genes distribute in the range of high expression values [log2 (RPKM) > À1], also corresponding to loci where relevant Pol II levels are observed ( Figure 4A ). These results together demonstrate that genes bound by ATAC and SAGA are indeed active and that only a small subset of active genes is bound by either of the two complexes.
To ask whether ATAC and SAGA serve positive regulatory function at bound promoters, we carried out knockdown experiments using small interfering RNA (siRNA) and/or short hairpin RNA (shRNA) knockdown of ATAC-(ZZZ3 and ATAC2) or SAGA-specific (SPT20) subunits or the shared catalytic subunits of the two complexes (GCN5 and PCAF) in HeLa cells (Figure S4) . We randomly selected three ATAC-or SAGA-bound genes and assayed their expression level by RT-qPCR after siRNA and/or shRNA knockdown ( Figures 4F and 4G ). We observed that ATAC subunit knockdowns lead to a significant reduction (30%-50%) in expression of ATAC-bound genes (Figure 4F) . SAGA subunit knockdowns lead to a marked decrease (50%-60%) in the expression of SAGA-bound genes ( Figure 4G) . Consistently, the knockdown of the shared HAT subunits (GCN5 and PCAF) leads to a reduced expression (40%-60%) on both SAGA and ATAC target genes. This in turn suggests that the expression of the regulated genes is dependent on the HAT activity of the complexes. Importantly, on the selected genes the downregulation of ATAC function has no effect on SAGA-bound genes and vice versa ( Figures 4F and 4G) . Thus, decrease in the expression levels of ATAC-or SAGA-bound genes by the knockdown of specific subunits demonstrate that the individual coactivator HAT complexes positively regulate the identified genes. Moreover, the fact that knockdown of a SAGA subunits have no effect on the expression of ATAC-bound genes and vice versa, demonstrates that these two complexes function independently from each other.
Taken together, these results show that ATAC and SAGA are not required for active transcription in general but are needed to achieve the proper expression of a subset of Pol II target genes. Thus, our data argue in favor of a model where ATAC and SAGA act as specific coactivators recruited by specific transcription factors.
SAGA and ATAC Contribute to the Regulation of Ubiquitous and Tissue-Specific Transcription Programs
Next, in order to get information on the recruitment specificity of ATAC and SAGA in different cell types, we compared the binding signal of the two HAT complexes between GM and HeLa cells. To this end, we collected binding densities of the two HAT complexes in HeLa over the bound loci identified in GM cells ( Figure 5A ). The distributions of ChIP-seq signal intensities for both complexes in GM and HeLa cells are comparable ( Figures  S5I-S5K ), confirming that differences in SAGA or ATAC binding in GM and HeLa cells are not because of technical limitations. We observed that, while ATAC or SAGA binding is lost on a majority of the putative enhancer loci (red squared labeled 1), their binding is mostly invariant at the promoter bound loci across the two cell lines (black squared labeled 2). This observation is supported by the low correlations observed in the binding of ATAC or SAGA across cell types at putative enhancers (Figure 5B ). Note that a substantial set of HeLa specific binding sites were also identified for both ATAC and SAGA ( Figure S5 ). However, these sites cannot be further categorized as H3K4me1/3 data are not yet available for HeLa cells from the ENCODE project. We validated these categories by ChIP-qPCR, which corroborate the fact that promoter binding is widely conserved across cell types, while putative enhancer binding is not (Figure S5) . These results are in agreement with previous reports describing that enhancers are the most variable class of transcriptional regulatory elements between cell types (Heintzman et al., 2009) . Indeed, our results suggest that ATAC, and to a lesser extent SAGA, by binding to enhancers will contribute to regulation of cell specific transcription programs.
In order to further dissect the function of the two HAT complexes, we analyzed the expression status of ATAC and SAGAbound genes across 81 tissues and classified them according (A) Gene expression correlates genome-wide with the RNA Pol II enrichment levels at promoters. Whisker plots representing the enrichment of RNA Pol II at the promoters of genes sharing similar levels of expression. Genes were categorized in increasing expression level (based on RPKM), enrichments over the control were collected at corresponding promoters and Whisker plots were plotted for each category.
(B and C) ATAC (B) and SAGA (C) bind a limited set of active genes. Similar methodology as described above for Pol II was applied to ZZZ3 or SPT20 data set, revealing an absence of global correlation between the recruitment of ATAC, or SAGA, and expression. (D and E) The distribution of the expression levels of the genes, where ATAC and SAGA were detected at promoters, is displayed by Whisker plot. It shows that ATAC and SAGA identified binding sites are associated with promoters of active genes. Moreover, ATAC or SAGA enrichment over promoters does not correlate genome-wide with the corresponding gene expression.
(F) Depletion of ATAC subunits (ZZZ3, ATAC2, GCN5/PCAF) in HeLa cells decreases the expression of three randomly selected ATAC-bound genes by 30%-50% as compared to the scrambled siRNA control.
(G) Depletion of SAGA subunits (SPT20, GCN5/PCAF) in HeLa cells decreases the expression of three randomly selected SAGA-bound genes by 50%-60% as compared to the scrambled siRNA control. Average results of three biologically independent experiments are shown with standard deviation as error bars. p values marked above the bars with asterisks correspond to an unpaired t test for triplicates (p < 0.01). See also Figure S4 , Table S2, and Table S3 .
to the wideness of their expression spectra. Our analysis indicates that ATAC-or SAGA-bound promoters show a similar distribution to the total reference gene set ( Figure 5C ). They contain a comparable proportion of widely expressed genes and genes expressed only in a given tissue. Further Gene Ontology (GO) classification of ATAC-or SAGA-bound genes (Table S1 ) did not reveal any pathways specifically enriched by the studied HAT complexes, suggesting that they are involved in a variety of processes rather than specific pathways. Taken together, these observations indicate that ATAC and SAGA contribute to the regulation of both ubiquitous and tissue specific transcription programs.
Identification of Transcription Factors as Candidates for Recruiting ATAC or SAGA to Pol II Promoters
In order to get more insights in the recruitment of the studied HAT complexes at different loci, we screened ATAC-or SAGA-bound DNA sequences for known transcription factor (TF) binding motifs (JASPAR) (Portales-Casamar et al., 2010) ( Figure 6 and Figure S6 ). In the ATAC-and/or SAGA-bound promoter subsets, several TF binding motifs were found enriched ( Figure 6A ). The binding site of the B cell-specific factor, SPIB, was found enriched at ATAC-bound promoters, and the binding site for the widely expressed factor CREB1 was enriched at SAGA-bound promoter loci in GM cells. In addition, within both ATAC-and SAGA-bound promoter-type sites, several factors belonging to the ETS family factors, ELK1, ELK4, and GABPa, were found to be highly enriched ( Figure 6A ). These factors have almost similar recognition motifs, and are widely expressed ( Figure 6A ). We failed to detect enriched motifs at distal loci ( Figure S6 ). This result could be explained by observations from Heintzman et al. (2009) suggesting that enhancers are regulated by specific combination of TFs, for which motifs are not yet well defined. Thus, recruitment by SBIP or CREB could explain the specificity differences observed between ATAC and SAGA binding and function. Next, to confirm these TF screen results, we used available GABPa ChIP-seq data to determine whether ATAC and/or SAGA binding sites are co-occupied by GABPa ( Figure 6B ). We observe a significant GABPa binding at a large proportion of the SAGA bound sites. GABPa is also found at a limited number of ATAC binding loci, but most of these (82%) are also co-occupied by SAGA, with very few sites being ATAC specific ( Figure 6B and Figures S6B and S6C ). This suggests that GABPa enrichment over the ATAC binding loci is unlikely to reflect a direct TF/coactivator functional relationship. However, the high frequency of GABPa occupancy at SAGA-specific sites, clearly Figure 2A was conserved in order to illustrate differences in cell-type binding specificity between enhancer (red), promoter (black), and undefined (blue) type of loci. Right: Similar analysis has been carried out for SAGA-bound loci. (B) Table presenting Pearson correlation coefficients calculated by comparing ChIP-seq signal in GM12878 and HeLa cells for each of the described categories (as indicated). (C) Piled bar diagram representing the type of genes, bound by ATAC or SAGA compared to the distribution of these genes over the reference gene set (RefSeq transcripts). It reveals that neither SAGA nor ATAC show a preferential association with any of the tested categories. The proportion of genes regulated by ATAC and SAGA from the total set in each category is depicted in the corresponding subbars (in percentage). See also Figure S5 , Table S1, and Table S2. suggest a direct functional TF-coactivator recruitment. Moreover, the observation that GABPa average enrichment over the SAGA binding loci ( Figure 6C ) precisely overlaps with the center of the SAGA peak further validates the potential recruitment of SAGA by GABPa. Taken together, these results suggest that several factors, or combination of TFs, are likely to participate in ATAC or SAGA recruitment. Moreover, it reveals GABPa as a strong candidate for SAGA recruitment at several gene promoters. As GABPa is a critical factor for B cell differentiation (Xue et al., 2007) , it suggests that SAGA is a crucial cofactor in regulating transcriptional pathways necessary for B cell differentiation.
ATAC Is Binding and Regulating a Set of Enhancers that Are Independent of p300 p300 was shown to be widely recruited to active enhancer loci and thus, was suggested to play a preponderant role in enhancer function (Heintzman et al., 2007 (Heintzman et al., , 2007 Kim et al., 2010) . Since ATAC and to a much lesser extent SAGA are recruited to a set of enhancer-type elements (Figures 2 and 3) , we analyzed the overlap between ATAC, SAGA, and p300 at these sites. To this end, we first investigated the p300 enrichment levels ( Figure 7A , blue bars) and compared them with the ATAC or SAGA enrichments (red bars) at the previously isolated putative enhancer-or promoter-type loci for both complexes ( Figures 7A and 7B) . Interestingly, the distribution of the enrichments reveals that p300 and ATAC, as well as SAGA and p300, are equally distributed at promoters ( Figures 7A and 7B , promoter panel), with distributions showing no significant statistical differences (Wilcoxon > 0.05). These results suggest a strong functional overlap between either ATAC and p300, or SAGA and p300, at the regulated promoters. Interestingly, when compared across cell types ATAC or SAGA with p300 they are codetected at promoters, suggesting a coordinated action of these HAT coactivators (Figures S7B and S7C) . (B) Dot plot highlighting the significant enrichments of GABPa ChIP-seq signal (fold enrichment > 2 in red) over the ATAC and SAGA bound sites. (C) Average profile of enrichment of GABPa (red) and SAGA (compared to input) over a 5 kb window centered on the SAGA sites, where co-occupancy was observed. See also Figure S6 and Table S2 .
In contrast, when we looked at ATAC-bound enhancer-type loci in GM cells the large majority of these sites had no, or only weak, p300 binding ( Figure 7A , enhancer panel; Wilcoxon < 0.05). ATAC-bound enhancers can be clearly separated in two groups: p300-independent ( Figure 7C , left) and p300-dependent enhancers ( Figure 7C, right) . In order to validate these categories, we performed ChIP-qPCR on randomly chosen putative enhancer loci from both categories and known p300-dependent enhancers (Heintzman et al., 2009) , further confirming the existence of ATAC-bound putative enhancer loci that are free of p300 ( Figures 7D) . In contrast, we did not find any SAGA-bound enhancers, which are p300 independent ( Figure S7 ), further demonstrating functional differences between ATAC and SAGA complexes. In conclusion, our analyses strongly suggest the existence of an until now overlooked enhancer-type loci that are bound by the ATAC HAT complex, but are devoid of p300 binding. Furthermore, ATAC-bound enhancers show cell-type specificity ( Figures 5A and 5B ), similarly to p300-dependent enhancers ( Figures S7B and S7C ) (Heintzman et al., 2009) .
To verify the enhancer function of the identified ATAC-bound p300-independent distal regulatory elements, we cloned four ATAC-bound, H3K4me1-and H3K27ac-enriched regions that lack p300 binding and two randomly selected negative regions devoid of any regulatory mark in a luciferase reporter construct. As controls we have used known p300-bound enhancers from HeLa cells (Heintzman et al., 2009) . Interestingly, when transfecting these reporter constructs to GM cells the selected ATACbound enhancers show a 2-to 5-fold increase in luciferase activity over the negative genomic regions ( Figure 7E ), demonstrating that ATAC-bound, but p300-independent, enhancertype loci are functionally active in GM cells. Interestingly, these ATAC-bound enhancers identified in GM cells are not active in HeLa cells, confirming their cell-type specificity ( Figure 7E ; and see above). In contrast, the p300-bound enhancers are only active in HeLa cells. Thus, we conclude that ATAC binds to a set of functional distal regulatory regions that share similarities with previously described enhancers, but are not bound by p300. These results together demonstrate the existence of an enhancer category that is bound by the ATAC HAT complex, but is devoid of p300 binding.
DISCUSSION
The HAT Coactivator Complexes, ATAC and SAGA, Do Not Act at Every Expressed Pol II Gene In this study, we mapped the presence of the GCN5/PCAF-containing HAT coactivator complexes, ATAC and SAGA, genomewide in two different cell types. Previous genome-wide studies of HAT complexes have suggested that GCN5 is generally recruited to active genes (Robert et al., 2004; Wang et al., 2009) . Interestingly, by separating the function of different human GCN5/PCAF-containing complexes, our study demonstrates that ATAC and SAGA are both recruited to specific and limited set of genes. One could argue that this result is a consequence of technical limitations and lack of sensitivity in our experimental set up. While we cannot exclude that an increase in the detection sensitivity could potentially reveal more targets for the two complexes, it is clear from our correlation studies (Figure 4 ) that this limited number of sites is not a technical issue. Indeed, if the complexes would have been binding to the most active genes, we would observe ATAC and SAGA binding only at the top highly expressed genes. However, we observe ATAC and SAGA binding at genes with highly variable expression levels, showing that we are able to detect the complexes also at weakly expressed genes. Moreover, knockdown of ATAC or SAGA subunits clearly affect specific genes predicted to be bound by the respective complex. Thus, together our results indicate that these distinct human HAT complexes have a narrower spectrum of action than previously estimated.
This observation argues in favor of a model where HAT coactivators are recruited to their particular set of target genes by specific transcription factors. Indeed, we were able to isolate a set of transcription factors for each complex, likely explaining their recruitment specificity. One can further speculate that on the other hand specific subunits of ATAC or SAGA would participate in such a recruitment mechanism. Similarly to TFIID (Cler et al., 2009) and Mediator (Malik and Roeder, 2010) , specific subunits would function as interaction partners or binding surfaces for different set of transcription factors to recruit these complexes differentially.
The systematic mapping of several HAT enzymes, suggested a general redundancy in their recruitment to promoters of active genes (Anamika et al., 2010; Wang et al., 2009) . Here, we systematically compared the overlap between ATAC or SAGA binding with that of p300 ( Figure 7A ). These analyses confirmed a strong overlap between the recruitment of ATAC and p300, as well as SAGA and p300, at promoter-type loci and SAGA and p300 at SAGA-bound distal regulatory regions. In contrast, the different ATAC-bound enhancer-type loci are mostly devoid of p300 binding. Note, however, that if we would pool all ATAC and SAGA binding events, the majority of the binding sites would show an overlap with p300. Thus, the current analysis is not contradictory with the previously observed strong genome-wide overlap between PCAF/GCN5 and p300 HATs (Anamika et al., 2010; Wang et al., 2009 ). However, it emphasizes the importance of detailed genome-wide analyses that can unambiguously separate functionally distinct complexes containing the same HAT enzymes. Our analysis also suggests that at promoters there is a higher redundancy of HAT action, as compared to enhancers, where the action of HATs is more specific.
GCN5/PCAF-Containing HAT Complexes Are Not Restricted to Stress Regulated Pathways
A series of genomic studies in yeast suggested that SAGA function is mainly dedicated to the transcriptional regulation of stress regulated genes (SAGA dependent), while housekeeping genes are regulated mostly by the general transcription factor TFIID (SAGA independent) (Ghosh and Pugh, 2011; Huisinga and Pugh, 2004; Zanton and Pugh, 2004) . Since all SAGA subunits and the overall structural organization of the complexes are highly conserved through evolution (Brand et al., 1999; Wu et al., 2004) , the functions of the complexes were assumed to be conserved. Moreover, at the single gene scale metazoan SAGA and ATAC have been described to regulate different sets of stress induced genes (Nagy et al., 2009 (Nagy et al., , 2010 . Here, we demonstrate that both ATAC and SAGA are also recruited to (A and B) Analysis of the distribution of p300 enrichment over enhancers and promoters of ATAC and SAGA-bound loci. For each category, the enrichment for p300 were calculated and compared to ATAC (A) or SAGA (B) enrichment, respectively. For each category a fixed step distribution histogram was plotted representing back-to-back the enrichments (log2) of ATAC or SAGA (left, red) and p300 (right, blue). The p value was calculated using a Wilcoxon test.
housekeeping genes under normal conditions in human cells. Thus, our study expands the role of ATAC and SAGA in higher eukaryotes and shows that the role of ATAC and SAGA is not only restricted to stress induced pathways, but that both complexes can regulate housekeeping as well as tissue specific genes.
The Discovery of p300-Free ATAC-Dependent Enhancers Opens Perspectives in the Understanding of Mechanisms Regulating Enhancer Function Distal enhancer elements are known to play a key role in longdistance transcriptional regulation. However, defining the genomic locations of such regulatory elements and their regulation is still not fully understood. The recent technology advancements and the mapping of numerous biological features have allowed defining a minimal set of rules to identify enhancer loci (Heintzman et al., 2009; Rada-Iglesias et al., 2011) . Here, we report the binding of ATAC on a limited set of active enhancer loci that share several common features with previously defined enhancers, but differ in their coactivator requirement. Indeed, we demonstrate that the broadly bound p300 HAT is not a universal marker of all enhancers, since most of the identified ATAC-bound enhancer-type loci, which are enriched in H3K4me1 and H3K27ac, have low Pol II and detectable DHSs, are p300 independent. Our results have three implications. First, the high recruitment specificity of ATAC on a set of enhancer-type loci suggests an until now nondescribed role for this complex at this type of long-distance regulatory elements. Second, it demonstrates that p300 that was previously considered as a ''general'' marker of enhancer is not the only HAT recruited to these functional elements. Third, it suggests that enhancer regulation complexity was previously underestimated and that enhancers can be regulated through a variety of regulatory signals including the specific recruitment of HAT complexes. Our data raises the possibility that the binding of distinct HAT coactivator complexes likely in combination with other coactivators, define different sets of enhancers. This issue is particularly important since enhancers have been shown to be the most important regulatory elements to control tissue specific transcription (Heintzman et al., 2009 ). Thus, the existence of complex and probably combinatorial mechanisms specific for each enhancer subsets and dedicated to particular transcriptional pathways can be expected. Interestingly, we also observed the binding of ATAC to a set of distal loci not marked by previously described enhancer features (H3K4me1, DHSs, Pol II). This intriguing observation suggests that ATAC binds to a set of previously uncharacterized genomic elements. Even though the function of these elements remains to be established, one can speculate on their nature. Two major hypotheses can be raised, they could either be longdistance regulatory elements not sharing the canonical enhancer features in chromatin marking, or an independent class of regulatory element for which the genomic features have not yet been defined. Further systematic investigation of the function of these loci should reveal unexpected functions in the regulatory repertoire of the multi faced ATAC complex.
EXPERIMENTAL PROCEDURES
Cell Culture and Antibodies GM12878 cells were obtained from the Coriell Cell Repositories. GM and HeLa cells were grown according to the instructions of the suppliers. Description and characterization of anti-SPT20 (3006) antibody is provided in the Supplemental Experimental Procedures. The anti-hZZZ3 (2616) polyclonal antibody was described earlier (Nagy et al., 2010) . Transient transfections of the cells and luciferase reporter assay are described in the Supplemental Experimental Procedures.
Chromatin Immunoprecipitation-High-Throughput Sequencing ChIP-seq and RNA-seq data were obtained from the ENCODE project repository (Birney et al., 2007) . Details on the data sets used, sequencing statistics, and laboratory contribution can be found in Table S2 . ChIP was carried out as described previously (Nagy et al., 2010) . Assessment of the individual enrichment over the control genomic region was performed by ChIP-qPCR in triplicate with primers specific for these regions with SYBR Green master mix (Roche). Information of the primers used for ChIP-qPCR is provided in Table S3 . Details of ChIP-seq method are provided in the Supplemental Experimental Procedures.
Bioinformatics Procedures
A full description of Bioinformatics procedures can be found in the Supplemental Experimental Procedures. In brief, ZZZ3 and SPT20 enrichment clusters were detected with MACS (Zhang et al., 2008b) . Peaks were ranked base on tag density and a cutoff was determined according to ChIP-qPCR validation results ( Figure S2 ). The organization of distinct loci, density heat maps, and enrichment calculations were done with seqMINER (Ye et al., 2011) . Comparative correlation analyses were obtained with ad hoc R scripts.
ACCESSION NUMBERS
The sequencing data have been deposited in the GEO database under the accession number GSE31052.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, and four tables and can be found with this article online at doi:10.1016/j.molcel.2011.08.037.
(C) UCSC Genome browser tracks of representative examples of ATAC specific putative enhancers (left), or enhancers bound by both ATAC and p300 (right). The color of the filled boxes highlights the features used to define the category of the loci (red, enhancer). (D) Validation of ZZZ3-and/or p300-bound enhancers by ChIP-qPCR quantification. Sequence information for each enhancer in each subset can be found in Table S3 . Enrichment of ATAC and p300 over loci, where no binding is expected (control), is calculated for ZZZ3 (black bar) and p300 (white bar). The red line indicates the 2-fold enrichments over the background. (E) Enhancer reporter (luciferase) assay was carried out to measure the activity of ATAC (ZZZ3)-bound enhancers (E1-E4) and randomly selected genomic regions (N1-N2) compared to empty vector in GM (white bars) and HeLa cells (black bars). Known p300 bound HeLa cell-specific enhancers (H4 and H9) (Heintzman et al., 2009 ) were used as positive controls. ATAC bound enhancers identified in GM cells are not active in HeLa cells. The red line indicates the highest activity obtained with negative controls. Error bars represent the standard deviation for three biological replicates. See also Figure S7 , Table S2, Table S3, and Table S4 . 
